Neoproterozoic cap dolostones of the Araras Group (Mato Grosso, Brazil), deposited on top of glacial diamictites (Puga Formation, ∼630 Ma), yielded a dual polarity component providing a low palaeolatitude for the Amazon craton. Because palaeomagnetic negative directions are very close to the present-day dipolar field, a rock magnetic and SEM study was conducted in order to check the primary nature of the remanent magnetization and to identify the nature and origin of the remanence carriers. Results show that detrital specular haematite (grain size ≥10 µm) is the main magnetic carrier in the Araras dolostones and was likely inherited from the underlying Puga diamictites. In some sites, a mixture of haematite and magnetite carries the remanence of both polarities. The primary nature of the magnetization is supported by the detrital character of the magnetic carriers. In addition, the remanence anisotropy is weak, pointing to the lack of significant shallowing due to compaction. These results reinforce the low palaeolatitude of the Amazon craton at the time of the Marinoan ice age.
INTROD U C T I O N
The Neoproterozoic era encompasses at least three glaciations that could have reached tropical latitudes. The relevant glacial deposits are usually overlain by 'cap' carbonate rocks with dolomitic composition (Hoffman et al. 1998) . However, determination of palaeolatitudes for both Neoproterozoic glacial deposits and cap carbonates are still scarce (Evans 2000; Meert & Powell 2001) . Recently, the Neoproterozoic cap dolostones of the Araras Group (Mato Grosso, Brazil), which were deposited above the Puga diamictites, yielded a dual polarity component providing a low palaeolatitude for the Amazon craton (Trindade et al. 2003; Fig. 1) . In spite of their high stability and the presence of stratabound reversals, the negative directions obtained in the Araras dolostones are very close to the present-day dipolar field, calling into question the primary nature of the magnetization.
Here, we have conducted a detailed magnetic study in order to check the primary nature of the remanent magnetization. In addition, SEM observations and EDS analyses were used to identify the mineral carriers of the remanence and shed light on their origin.
MATERI A L A N D M E T H O D S
A 20-m-thick section of Neoproterozoic cap dolostones cropping out in the Terconi quarry, 5 km south of downtown Mirassol d'Oeste, was selected for this study (Figs 1a and b) . A set of around 200 oriented samples was analysed after stepwise thermal cleaning. It comprises 51 samples (noted TE) from an earlier study (Trindade et al. 2003) , as well as recently collected samples (noted TR). All samples are dolomites and most of them preserve a primary sedimentary texture (micritic layers with peloids and fenestral porosity) in both outcrops and thin section. Towards the top of the section, the dolomites contain large amounts of bitumen of unknown origin. These bituminous dolomites and the overlying bituminous limestones are not considered here, because of their different mineralogy and extensive remagnetization.
The magnetic measurements consisted of IRM (isothermal remnance magnetization) acquisition and demagnetization curves, demagnetization of triaxial IRM-acquisition (Lowrie test: Lowrie 1990) , and measurements of the frequency dependence of magnetic susceptibility. The IRMs were induced using a SI-4 magnetizer system (Sapphire Instruments) and a Pulse Magnetizer (MMPM 10), while demagnetization and remanence measurements were performed with a 2G-cryogenic magnetometer coupled to a tri-axial AF-demagnetizer and a JR5A spinner magnetometer coupled to a LDA-3 AF demagnetizer. The Lowrie test was performed after IRM acquisition at 1.4, 0.4 and 0.12 T fields along the z, y and x axis, respectively. Samples were then thermally demagnetized up to 700
• C. Thermal demagnetization was performed using a magnetic measurements oven (peak temperature within ±5
• C). The frequency dependence of the magnetic susceptibility was obtained after three series of measurements with a Bartington MS2 dual-frequency (470 and 4700 Hz) alternating-current bridge on whole rock specimens.
SEM observations and EDS analysis were performed on carboncoated polished sections and rock fragments cut from the palaeomagnetic samples, with Jeol JSM-T330A and Jeol JSM-6360LV microscopes and Noran Instrument EDS analysers.
MAGNET I C R E S U LT S

Palaeomagnetic data
Palaeomagnetic results showed a dual-polarity magnetization that provided a 22
• palaeolatitude for the Amazon craton and passed the reversal test of McFadden & McElhinny (1990) (Trindade et al. 2003) (Fig. 1) . After thermal treatment, samples TE and TR show stable demagnetization patterns from room to high temperatures. Stereographic projections, orthogonal and demagnetization intensity plots of characteristic samples are shown in Fig. 2 . Palaeomagnetic directions plot approximately north-south with a dual polarity either negative/northward or positive/southward directed (Fig. 2a) . Orthogonal plots show a uni-vectorial component from 100
• C up to high temperatures (Fig. 2b) . In samples TR1.A1 and TR5.Q2, unblocking temperatures are close to 600-620
• C. At these temperatures, the remanence of sample TR5.Q2 reaches the noise level of our cryogenic magnetometer and only 95 per cent of the total remnance is demagnetized, thus suggesting haematite as the principal carrier. The presence of haematite is also well illustrated by samples TR1.B1 and TR8.B3 where unblocking temperatures are close to 640-680
• C. In both samples, presence of magnetite is noted by a loss of intensity at around 550-570
• C. The very weak remanence obtained at high temperature do not allow a precise determination of unblocking temperatures. Furthermore, thermal demagnetization processes are known to produce secondary iron oxides, which could perturb magnetic measurements (van Velzen & Zijderverld 1992; Cioppa et al. 2002) . Hence, a detailed magnetic investigation is required.
Variation of susceptibility (K) with temperature
Mineralogical transformations during thermal treatment are easily detected by the variation of magnetic susceptibility with increasing temperature. Thermomagnetic curves (heating and cooling) for samples TR3.C2, TR5.K, TR5.M2 and sample TR5.T are given in Fig. 3 . For all samples, the magnitudes of K are in the 10 −5 -10 −6 SI range. Low values of K and the linear or slightly hyperbolic shape of the initial curve correspond to a dominant dia and/or paramagnetic behaviour. For samples TR3.C2 and TR5.M2, a small increase of the magnetic susceptibly is observed at around 450-500
• C, which fall after 580
• C. After heating at 700
• C, the rocks had suffered an irreversible mineralogical transformation indicated by the higher susceptibility of the cooling curve. During cooling, the susceptibility increases rapidly between 600-500
• C indicating that magnetite is produced during thermal treatment. In TR3.C2 and TR5.M2, the increase begins at 650
• C suggesting that new haematite was also produced.
Magnetic hysteresis
The linearly corrected hysteresis loop of sample TE7.A is given in Fig. 4 . Saturation magnetization (Ms) requires an induced field (Hs) ≥ 1.2T, indicating the presence of a highly coercive magnetic mineral. Hysteresis loop of pure haematites with distinct morphologies have been documented by Kletetschka et al. (2000) . The shape of the hysteresis loop of sample TE7.A is comparable to those described by these authors and the value of Hc of sample TE7.A (∼0,042 T) corresponds to the coercivity range of plate-like haematite (Kletetschka et al. 2000) . In addition, the hysteresis loop is slightly wasp-waisted suggesting a mixture of magnetic carriers either due to different grain sizes or due to coexisting haematite and magnetite (Channell & McCabe 1994) .
IRM acquisition curves
IRM analysis is a non-destructive method, which permits the study of magnetic mineralogy of a sample at room temperature, thus excluding the potential contaminations of newly formed minerals during heating. Isothermal remanent magnetization acquisition curves were obtained for five samples at fields up to 3 T (Fig. 5a ). For most samples, IRM-acquisition curves are far from saturation at 3T, indicating the presence of a highly coercive ferromagnetic mineral. In two samples (TE5 and TR1.B3), a mixture of high-and low-coercive ferromagnetic minerals is observed. Theses IRM curves were analysed by cumulative log-Gaussian (CLG) functions using the software developed by Kruiver et al. (2001) (Fig. 5b) . It is based on the assumption that the IRM of each magnetic mineral conforms to a CLG function of the magnetizing field (due to a logarithmic grain size distribution), and that the different curves combine linearly (Robertson & France 1994) . Each magnetic carrier has characteristic saturation IRM (SIRM), B 1/2 and dispersion parameter (DP). The B 1/2 parameter represents the field at which half of the SIRM is reached and the DP parameter reflects the dispersion of the logarithmic distribution around B 1/2 (corresponding to one standard deviation and being independent of concentration). Values of DP, SIRM and B 1/2 for studied samples are given in Table 1 . For samples TE3.E1, TE10.C3 and TR6.B3, the standardized acquisition plots (SAP) are represented by a straight line (Fig. 5b) , whereas two contributions were distinguished in samples TR1.B3 and TE5. For samples TR6.B3 and TE5, the concave end of the SAP curve is indicative of non-saturation (Kruiver et al. 2001) . Values of B 1/2 and SIRM (Table 1 ) are in the range of typical values of magnetite and haematite, respectively, for the soft and hard fractions. haematite is predominant with its contribution amounting to 87-100 per cent.
Thermal demagnetization of triaxial IRM
The Lowrie test allows to identify magnetic minerals by simultaneously analysing their unblocking temperatures and remanent coercivities (Lowrie 1990) . It was performed for eight representative samples of the dolostone rocks. The results of triaxial IRM demagnetization curves are represented together with the total remanence demagnetization curves (the sum of the x, y and z components) to highlight the unblocking temperatures of the remanence carriers (Fig. 6 ). Coercivity intervals of 1.4-0.4 T, 0.4-0.12 T and <0.12 T are referred as hard (z), medium (y) and soft (x) fractions, respectively.
For all samples, medium to hard fractions are dominant, whereas the soft fraction is very weak (Fig. 6) , close to the noise of the cryogenic magnetometer. The medium and hard fractions are totally demagnetized at around 680
• C confirming the presence of haematite. In samples TE7.G1 and TE9.A2, these fractions display a first pronounced step near 100
• C, probably related to goethite, and then decrease linearly up to 680
• C. A small step is observed at ∼580 • C in sample TE4.D, indicating the presence of magnetite.
Frequency dependence of susceptibility
Remagnetized rocks typically contain ultrafine-grained magnetite near the superparamagnetic-single domain (SP-SD) boundary size, identified by frequency dependent magnetic susceptibility and ARM/SIRM ratio (Jackson et al. 1992 (Jackson et al. , 1993 . For these rocks, characteristic values have been reported: Kfd ≥ 5 per cent (Kfd = [Khf − Klf ]/Klf where Khf is high frequency susceptibility and Klf is low frequency susceptibility; Jackson et al. 1992) and ARM/SIRM ≥10 per cent (Jackson et al. 1993) . These uncommon magnetic properties are intimately linked to a very significant contribution of ultrafine SP particles to the bulk magnetic properties. These particles are very sensitive to the frequency of the alternating field in which magnetic susceptibility is measured. At high frequency (4700 Hz) measurement time is short enough for these particles to behave as stable SD grains while at low frequency (470 Hz) measurement time is longer than the relaxation time and particles behave as SP. In our samples, Kfd ranges between 0 and 2.5 per cent, well below the range of remagnetized carbonates. An estimate of ARM/SIRM ratios can be done by dividing the ARM by the maximum IRM (IRM max ) acquired by the samples. Note that since several samples did not reach saturation this value gives a maximum estimate of the ARM/SIRM ratio. Notwithstanding, all samples give values of ARM/IRM max below 10 per cent (Fig. 7) . These results indicate that an ultrafine component is either absent or minor, and thus do not contribute significantly to the magnetic properties of the Araras dolostones.
Anisotropy of magnetic remanence
An estimation of the anisotropy of the magnetic remanence was obtained in selected samples in order to check for the conformity of magnetic carriers to the bedding plane, and to evaluate possible compaction effects on the inclination of the remanence vector and consequently to the palaeolatitude. For that, we have applied two antiparallel fields of 2T both parallel and perpendicular to the stratification plane in a pulse magnetizer. Then, an anisotropy coefficient was obtained by dividing the resulting magnetization normal to the bedding plane (IRMn) by the one parallel to the bedding plane (IRMp). In this way, an anisotropy coefficient below unit (IRMp>IRMn) would indicate a preferential alignment of remanence carriers along the bedding plane. Results of four samples are shown in Table 2 . Samples TR5.Q3 and TR1.B3 are equivalent to samples TR5.Q2 and TR1B1 for (Jackson et al. 1992 (Jackson et al. , 1993 which thermal demagnetization indicated, respectively, haematite and mixture of haematite and magnetite as carriers of the magnetization (Fig. 2) ; samples TE10.C3 and TR6.B3 correspond to the same samples used in IRM acquisition where only haematite was detected (Fig. 5) . For all of them, the bedding-parallel IRM is higher suggesting remanence carriers follow a primary sedimentary fabric. Anisotropy coefficients range from 0.88 to 0.99 indicating a weak remanence anisotropy (Table 2) . These results are compatible with a detrital remanent magnetization (DRM) acquisition in the studied carbonate rocks. After inclination correction, the maximum palaeolatitude variation is 2.5
• indicating that no significant compaction shallowing occurred in the Araras dolostones.
OPTI C A L M I C RO S C O P Y A N D S E M O B S E RVAT I O N S
A SEM study was performed in order to check the nature and origin of the magnetic minerals present in the Araras dolostones. This method has shown to be effective in other carbonate rocks (Suk et al. 1990; Sun & Jackson 1994; Xu et al. 1998) .
In the Araras samples, SEM observations indicate the presence of specular haematite, characterized by tabular shape and prominent cleavage (Figs 8a, b and c) in a form similar to the 'plate-like' haematite studied by Kletetschka et al. (2000) . Chemical composition was verified by EDS analysis, which shows the iron characteristic peaks at about 5.9 and 6.4 keV (Fig. 9) . Haematite crystals, 5 µm to more than 50 µm in size, are embedded within the matrix. They are concentrated along the stratification plane of the dolomicrites, corroborating the remanence anisotropy indications for their detrital origin (Figs 8a, b and c) . The detrital nature is reinforced by the irregular borders of the grains, probably due to erosion through transport. Fine-grained pigmentary haematite is rare or absent, and does not carry any significant remanence. An iron oxide observed (Figs 8d and 9) , is here assigned to be magnetite. Its corroded aspect also suggests a detrital origin.
DISC U S S I O N
Coexisting haematite and magnetite in carbonates
Mixtures of different magnetic phases are common in carbonates and often result from remagnetization due to neoformation of secondary (authigenic) iron oxides from pre-existent iron-bearing minerals (Channell et al. 1982; Channell & McCabe 1994) . The Mirassol d'Oeste dolostones differ in the fact that haematite is either the sole or the main carrier. Magnetite is present in some samples and carries the same magnetization as the haematite (Fig. 2) . SEM observations confirms the presence of haematite in all samples and the less frequent occurrence of magnetite. In addition, rock magnetic properties indicate the absence of SP magnetite in significant amounts which, when found, is a typical fingerprint of remagnetized carbonates. Based on the results presented above, we contend that the dominant remanence carrier is haematite. The presence of both haematite and magnetite carrying the same magnetic direction is a strong evidence favouring a primary nature for the remanence of the Mirassol d'Oeste dolostones.
Provenance of the detrital haematite
The source of the detrital haematite has been looked for in the underlying Puga diamictites. These rocks are composed of striated clasts and terrigenous grains in a purple-to red-coloured matrix indicating the presence of iron oxides. Syn-sedimentary deformational features along the contact between the Puga diamictites and the cap dolostones indicate no significant hiatus between deposition of these two formations . The Lowrie test was applied to a single sample of the Puga diamictites (Fig. 10) . In this sample, all fractions are represented by curves with irregular shape. For all fractions, significant unblocking temperatures are observed at around 500
• C and at around 640 • C. The transition at 500
• C is more pronounced for the soft fraction, indicating the presence of a low-coercivity phase, likely magnetite. Unblocking temperatures for the medium and hard fractions fall dominantly at 640
• C, suggesting the presence of haematite. The diamictite samples display abundant iron oxides and ironbearing minerals under the microscope. SEM observations demonstrate iron oxide crystals with tabular shapes and very well defined borders (Fig. 8e ) that are well embedded within the matrix and show prominent cleavage. These magnetic minerals are similar to the specular haematite observed in the pink dolostones. EDS analyses indicate a unique Fe peak (Fig. 9) . Other iron minerals with distinct morphology were also detected. Fig. 8(f) illustrates an iron oxide with exsolutions on the front face of the crystal, which is a diagnostic feature of detrital magnetite . Together, these data show that the detrital haematite and magnetite recognized in the dolostones might have originated from the underlying diamictites. 
Detrital remanent magnetization in carbonates
Very stable, strongly coercive detrital haematite is rarely reported as a primary remanence carrier in modern carbonates. Rather, it is described as an authigenic mineral formed during early diagenesis (Channell et al. 1982; . Similarly, many Phanerozoic carbonates have biogenic or detrital magnetite as the main remanence carrier (McCabe & Elmore 1989; Aïssaoui et al. 1990; Channell & McCabe 1994; Tarduno & Myers 1994; Belkaaloul & Aïssaoui 1997) . In contrast to Phanerozoic examples, haematite seems to be common in Neoproterozoic carbonates. Recently, Li (2000) reported a palaeomagnetic pole that passes a fold-test obtained on the Neoproterozoic Walsh cap dolomite (Australia), which is carried by haematite. In the Neoproterozoic dolostones and sandstones of the Chuar Group from Arizona, haematite is also the carrier of the proposed primary magnetization (Weil et al. 2004) . Whatever the case, detrital haematite and magnetite are expected, if the carbonate sediments are influenced by a siliciclastic influx from a continent, a likely scenario in Precambrian times where continents lack any vegetation coverage.
After erosion and transport cycles, magnetic particles in the water column behave as small magnets, that are aligned with the geomagnetic field at the time of their deposition. The alignment is often not perfect and DRM is inherently weak (<10 −3 A m −1 ), whereas a CRM carried by pigmentary haematite should be higher (e.g. . The low intensity of magnetization (about 
10
−4 A m −1 ) in the Araras dolostones is consistent with a low content of Magnetic Minerals but also with a DRM acquisition mechanism. As many observed haematite crystals are quite large and appear embedded in the carbonate matrix, it is unlikely that they could have rotated significantly in pore spaces after their deposition. Therefore, the remanent magnetization of the dolostones is argued to be a DRM, rather than a post-depositional remanent magnetization (pDRM). Due to the carbonate nature of the rocks, compaction was limited and inclination bias is insignificant, as demonstrated by remanence anisotropy measurements.
CONC L U S I O N S
Palaeomagnetic and rock magnetic experiments combined with SEM observations show that detrital specular haematite is the main magnetic carrier in the Araras dolostones and is sometimes associated with magnetite. Both magnetic minerals were likely inherited from the underlying Puga diamictites. A primary magnetization is inferred from three observations: (a) a stable remanence with both normal and reverse directions carried by detrital haematite and magnetite (b) the presence of stratabound reversals in all sites studied which could be correlated by magnetic properties and (c) the relative absence of secondary iron oxides.
The primary origin of the magnetic component of the cap dolostones in the Araras Group reinforces the determination of the palaeolatitude of the underlying glacial rocks (Trindade et al. 2003) thus supporting other palaeomagnetic evidence that ice-sheets had reached low-latitudes during Neoproterozoic times (Evans 2000) and provides the first palaeomagnetic pole for the palaeogeographic position of the Amazon craton during the Neoproterozoic.
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